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data on the number of debris flows, the area affected, or the associated rainfall are lacking. Published reports about these events have been reviewed by the U.S. Geological Survey, plus four additional documented events that have occurred since 1987. Nineteen examples of debris flows are listed in table 1, including the date, location, number of reported flows, type of storm, total rainfall, and rainfall duration. These 19 events are depicted in figure 1 with small asterisks. The debris flows from Clark (1987) and from table 1 are plotted in figure 1 . Most of the events fall into areas of high incidence and high susceptibil ity (red), but several events are in areas of much less susceptibil ity. The map is useful in depicting regional trends, but should not be used to predict future occurrences.
Some Well-Documented Debris Flows
The most devastating debris flow listed in figs. 2A and B) .
On June 27, 1995, a small but violent summer storm dropped 250 to 770 mm (30 in) of rain over a 16-hour period on a small area in rural Madison County, Va., resulting in at least 629 highly destructive debris flows. The storm, which occurred during the day in a moderately populated area, was tracked by the National Weather Service using Doppler radar. The landslide and debris-flow area resulting from this storm was extensively photographed and examined in the field. The data that were obtained can serve as a model to help predict the potential for similar events within the Appalachian Mountains. Figure 4 shows the cumulative rainfall for the Madison County event at several locations affected by the 1995 storm. A few of the debris flows were witnessed, and their times recorded; these observed debris flows are shown as letters A-M. What is striking about these data is that the debris flows were generated during the 3-hour period of rapid increase in precipitation, suggesting that the rate of rainfall is most criti cal, and even more critical than total storm rainfall. The high rate of rainfall is required to sufficiently wet the soil so that the internal pressure of contained water breaks down the coherence of the soil particles, allowing the entire saturated mass to flow downslope.
Forecasting Debris Flows
Prediction of debris flows based on rainfall thresholds remains highly problematic. For example, the relation that prolonged precipitation has on landslides by wetting the soil before flows. This threshold may be valid for the metamorphic igneous and sedimentary rocks of the Blue Ridge province, but may be entirely unreliable for the different rocks and soils of the Valley and Ridge and Appalachian Plateau provinces.
Mathematical formulas such as that applied for figure 5 may also be dependent on climatic factors of temperature and annual rainfall. For example, rainfall thresholds for triggering debris flows in areas such as California, Hawaii, and Puerto Rico are generally lower, suggesting the need to develop thresh old models for each specific region in the United States that is prone to debris-flow activity.
Occurrence intervals of debris flows within a broad region can be estimated based on historical records as well as on examination of prehistoric debris flows using carbon-14 dating. Within western and central Virginia, the recurrence interval for debris flows across the region has been estimated to be approxi mately 15 years. This estimate depends on the size of the area to which it is applied; the recurrence at a single locality or drainage basin is more likely in the order of thousands of years. Historical data suggest that the recurrence interval for debris flows is much higher in the southern Appalachian region of North Carolina and may be as frequent as 3 to 5 years. Warning the public of potential or impending debris-flow hazards will require a concerted effort by local, State, and Fed eral Governments to inform the general public about these haz ards. A network of rain gages that records rainfall in real time is available in parts of the southern and central Appalachian Mountains and could become more widely developed in the region. To be effective as a hazard-warning system, the raingage network data should be integrated with radar precipitation data, hillslope monitoring information, and radio, television, and Internet communications for State Emergency Response Centers and public and emergency managers in areas of concern. Longer range mitigation of debris-flow hazards can be improved by careful placement and strengthening of roads and bridges, and by the selection of sites for new construction that are away from areas most susceptible to landslide failure and subsequent inun dation by debris flows.
